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Abstract. Sources of spring predictability of the hydrologi-
cal system over France were studied on a seasonal time scale
over the 1960–2005 period. Two random sampling experi-
ments were set up in order to test the relative importance of
the land surface initial state and the atmospheric forcing. The
experiments were based on the SAFRAN-ISBA-MODCOU
hydrometeorologicalsuitewhichcomputedsoilmoistureand
river ﬂow forecasts over a 8-km grid and more than 880 river-
gauging stations. Results showed that the predictability of
hydrological variables primarily depended on the seasonal
atmospheric forcing (mostly temperature and total precipita-
tion) over most plains, whereas it mainly depended on snow
cover over high mountains. However, the Seine catchment
area was an exception as the skill mainly came from the ini-
tial state of its large and complex aquifers. Seasonal me-
teorological hindcasts with the M´ et´ eo-France ARPEGE cli-
mate model were then used to force the ISBA-MODCOU
hydrological model and obtain seasonal hydrological fore-
casts from 1960 to 2005 for the entire March-April-May pe-
riod. Scores from this seasonal hydrological forecasting suite
could thus be compared with the random atmospheric ex-
periment. Soil moisture and river ﬂow skill scores clearly
showed the added value in seasonal meteorological forecasts
in the north of France, contrary to the Mediterranean area
where values worsened.
1 Introduction
Water resources are known to be unevenly distributed in
space and time on Earth. Moreover, in addition to the ex-
isting climatic pressure, anthropogenic pressure is increasing
as the water demands of the human population grow. There-
fore, water resource managers need decision support tools in
order to anticipate future water availability for human and
industrial consumption, hydropower or irrigation purposes.
Predicting low ﬂows and droughts several months in advance
would be a useful tool for these managers. For example,
predictions in the spring period (March-April-May) can be
used to detect signals of a drought onset in spring in order to
help water resource managers taking decisions for the sum-
mer low-ﬂow period.
Seasonal hydrological forecasting systems have been de-
veloped in several regions of the world in the last decade.
They are based on predictions of both the hydrological sys-
tem and meteorological forcing. The former is associated
with the slow components of the hydrological system: soil
moisture, the presence of aquifers, and snow cover (Bierkens
and Van Beek, 2009; Douville, 2009; Bohn et al., 2010). The
prediction skill associated with soil moisture memory may
last up to two months (Koster et al., 2001). The success of
seasonal hydrological forecasts also depends on the season,
because of dry or wet land surface initial conditions (Wood
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and Lettenmaier, 2008; Li et al., 2009). Snow cover is es-
pecially inﬂuential during the spring period as it mostly con-
tributes to mountain river ﬂows and is thus the main source
of hydrological predictability for snowmelt dominated head-
water basins, such as the South Saskatechwan River Basin
in Canada (Gobena et al., 2010). The size of the river basin
also has an important impact: for instance, in the Ohio River
Basin with a wide range of basin sizes from a few hundred
to over a ten thousand square miles, Li et al. (2009) found
that the larger the basin, the stronger the inﬂuence of ini-
tial conditions. Meteorological forcings also contribute to
the predictive skill of seasonal hydrological forecasts as total
precipitation has a predominant effect on river ﬂow (Mate-
ria et al., 2010; Li et al., 2009). Nevertheless, the predictive
skill of a seasonal meteorological forecast depends strongly
on the region and season considered and is usually weak at
mid-latitudes (Kirtman and Pirani, 2008, 2009).
There are several sources of predictability of a hydrolog-
ical system at the seasonal time scale according to the re-
gion of interest. Countries corresponding to different cli-
matic regions therefore provide seasonal hydrological fore-
casts based on different predictors. In Senegal, it is helpful
to consider the storage available at the end of the monsoon
when programming water releases from a dam (Bader et al.,
2006) whereas in Australia, Chiew et al. (2003) have demon-
strated that a simple information based on ENSO-streamﬂow
teleconnection and serial correlation in streamﬂow leads ir-
rigators to take more informed risk-based management deci-
sions. The North Atlantic Oscillation (NAO) or the Southern
Oscillation Index (SOI) is also used to provide the magnitude
of seasonal streamﬂow in Iran (Araghinejad et al., 2006).
Once sources of predictability have been identiﬁed, an ap-
propriate methodology has to be chosen to provide the sea-
sonal hydrological forecasts. For instance, studies conducted
in the United States are mainly based on the macroscale
semi-distributed grid based hydrological model VIC (Vari-
able Inﬁltration Capacity, Liang et al., 1994). There are
several ways of forcing the hydrological model. The ﬁrst
approach is to use statistical methods with simple or multi-
ple linear regression between climatic phenomena (El Ni˜ no-
Southern Oscillation and the Arctic Oscillation) or persis-
tence related to soil moisture and snow cover with the mean
seasonal river ﬂow (Maurer and Lettenmaier, 2004). Wood
and Lettenmaier (2006) used an ensemble streamﬂow pre-
diction system with several daily hydrological model out-
puts provided by climate sequences resampled from previous
years, taking the uncertainty of the initial atmospheric and/or
oceanic conditions into account. In order to improve sea-
sonal hydrological forecasts, more complex approaches have
also been applied. Dynamic methods have been used with
temperatureandprecipitation, withaBayesianmethodmerg-
ing observations with multiple seasonal forecasts (Luo and
Wood, 2008). This method allowed the hydrological fore-
casting system to be evaluated for historical phenomena such
as the 2007 US drought (Li et al., 2008).
France presents highly variable hydrometeorological con-
ditions. A ﬁrst evaluation of a seasonal hydrometeorological
forecasting suite has recently been performed for the spring
season (the entire March-April-May period) with an initiali-
sation at the beginning of February (C´ eron et al., 2010). This
study showed a higher predictive skill for hydrological vari-
ables than for near-surface atmospheric variables.
The objective of this paper was to continue the work of
C´ eron et al. (2010) by undertaking a comprehensive assess-
ment of the predictive skill of seasonal hydrological fore-
casts. This work was performed for the whole of France and
included a determination of the main sources of prediction
skill at the seasonal scale. The focus remained on the spring
season as it is a season marked by snowmelt and is also crit-
ical for the onset of agricultural and hydrological droughts
and low ﬂows. Furthermore, thanks to the availability of
a new hindcast dataset for the ARPEGE numerical climate
prediction model (Weisheimer et al., 2009), the time period
of the study was extended to the 1960–2005 period. A set
of experiments was designed to identify the main sources of
predictability of the hydrometeorological system. Then, the
added value of seasonal atmospheric forecasts was assessed
through the comparison with forecasts using random atmo-
spheric forcings.
Section 2 introduces the different models and data sources
used, with the description of the SIM hydrometeorological
suite and the ARPEGE meteorological hindcast dataset. Sec-
tion 3 describes the predictability experiments, the seasonal
hydrological forecasting model and the forecast evaluation
tools. Next, results in terms of soil moisture and river ﬂows
are shown in Sect. 4. Results are discussed in Sect. 5 before
perspectives are provided in the last section.
2 Models and data sources
2.1 The hydrometeorological
SAFRAN-ISBA-MODCOU (SIM) suite and
reanalysis
The seasonal hydrological forecasting suite was the same
as that used by C´ eron et al. (2010). It is based on the
SAFRAN-ISBA-MODCOU (SIM) operational model devel-
oped by M´ et´ eo-France and Mines Paris-Tech at the scale of
France (Habets et al., 2008) and composed of three indepen-
dent models.
First, SAFRAN (“Syst` eme d’Analyse Fournissant des
Renseignements A la Neige” for “Analysis system contribut-
ing to information for snow”) is a near-surface meteorologi-
cal analysis system (Durand et al., 1993; Quintana-Segu´ ı et
al., 2008; Vidal et al., 2010a). It combines meteorological
model outputs with surface observations to produce hourly
values of meteorological variables. SAFRAN computes
seven variables (10-m wind speed, 2-m relative humidity, 2-
mairtemperature, incomingsolarandatmospheric/terrestrial
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radiation, snowfall and rainfall) over 615 climatologically
homogeneous zones at several elevations, which are in-
terpolated onto a 8-km grid covering France (total area:
544000km2). The long-term SAFRAN reanalysis derived
by Vidal et al. (2010a) over the 1958–2008 period was used
as a meteorological reference for all experiments in this
study.
Next, ISBA (“Interface Sol-Biosph` ere-Atmosph` ere” for
“Interaction between Soil-Biosphere and Atmosphere”,
Boone et al., 1999; Noilhan and Planton, 1989) is a soil-
vegetation-atmosphere transfer (SVAT) scheme, used to sim-
ulate the exchanges in heat, mass and momentum between
the continental surface (including vegetation and snow) and
the atmosphere. ISBA was applied here in its 3-layer force-
restore version (Boone et al., 1999) with the 3-layer snow
scheme of Boone and Etchevers (2001). A subgrid runoff
scheme (Habets et al., 1999a) and a subgrid drainage scheme
(Habets et al., 1999b) have been implemented to tackle the
issue of physical processes occurring at scales smaller than
the8-kmgrid. ISBAthussimulatesrunoffthroughtheDunne
mechanism over saturation. For soil moisture below the satu-
ration point, the subgrid runoff is activated, its amount being
smaller below the ﬁeld capacity, and zero below the wilting
point. Next, drainage is produced for soil moisture above the
ﬁeld capacity, and residual drainage is effective below this
value where no aquifer layer is explicitly modelled by the
MODCOU hydrogeological model. With respect to ISBA,
the variables of interest for the present study are the to-
tal snow cover and the soil moisture (related to agricultural
drought) described by the Soil Wetness Index (SWI) aver-
aged over the soil depth:
SWI =
W − Wwilt
Wfc − Wwilt
(1)
with W the soil water content, Wfc the water content at ﬁeld
capacity and Wwilt the water content at the wilting point.
Last, the MODCOU (MOD` ele COUpl´ e for coupled
model) hydrogeological model computes the temporal and
spatial evolution of aquifers with several layers using the dif-
fusivity equation (Ledoux et al., 1989). In addition to cal-
culating the interaction between the aquifer and the river, the
model routes the runoff on the surface and within rivers using
an isochronistic algorithm to estimate river discharge with a
time step of 3h. The time step used to compute the evolu-
tion within the aquifer is about 1 day. In the version of SIM
used here, aquifers are explicitly modelled in only two river
basins: the Seine basin (three layers) and the Rhˆ one basin
(one layer).
The SIM hydrometeorology suite has previously been val-
idated on four large French river basins: Adour (Habets,
1998), Rhˆ one (Etchevers et al., 2001), Garonne (Voirin-
Morel, 2003) and Seine (Rousset et al., 2004). It was then
applied to the whole of France and validated over a 10-
year period for 881 French stations to produce realistic water
and energy budgets, streamﬂow, aquifer levels and snowpack
simulations (Habets et al., 2008). The French environment
ministry uses outputs from the SIM model (snow cover, soil
moisture and effective rainfall) for the Hydrological Moni-
toring Bulletin (http://www.eaufrance.fr).
The SAFRAN reanalysis has also been used to run the
ISBA-MODCOU hydrological model in order to build a SIM
reanalysis from 1958 to 2008 (Vidal et al., 2010b), taken
here as the hydrological reference run for all experiments for
the March-April-May (MAM) period. In addition, the SIM
reanalysis allowed us to provide hydrological variables on
31 January for building the hydrological initial state used in
all experiments.
2.2 The ARPEGE meteorological seasonal forcings
Hindcasts of the ARPEGE (“Action de Recherche Pe-
tite Echelle Grande Echelle” for “Research Project on
Small Scale and Large Scale”) global coupled atmosphere-
ocean climate model were used at a resolution of 2.5◦.
These data were produced within the ENSEMBLES project
(Weisheimer et al., 2009) and covered the 1960–2005 period.
Spring seasonal forecasts started on 1 February en ended on
31 May. These forcings, called ARPEGE-ENSEMBLES in
thefollowing, consistedofanensembleof9runscorrespond-
ing to 9 initial conditions constructed by different realistic
estimates of observed states of both the atmosphere and the
ocean.
The ARPEGE-ENSEMBLES atmospheric forcing dataset
was downscaled to the SIM horizontal resolution of 8km
with the simple method proposed by Rousset-Regimbeau et
al. (2007) for ensemble medium-range river ﬂow forecasts
and adapted to seasonal forecasting by C´ eron et al. (2010).
This dowscaling method is explained hereafter. The orig-
inal ARPEGE-ENSEMBLES temperature and total precipi-
tation ﬁelds were ﬁrst converted into anomalies, by removing
their mean value, and then standardized by dividing them by
their interannual standard deviation. They were then interpo-
lated with an inverse-square weighting onto the 615 climat-
ically homogeneous zones considered in the SAFRAN anal-
ysis (Quintana-Segu´ ı et al., 2008). Finally, they were com-
bined with SAFRAN long-term means and interannual stan-
dard deviations to provide realistic 8-km atmospheric forc-
ingsthatincludedlocal-scalespatialvariability. Thepartition
between snowfall and rainfall was based on a critical thresh-
old temperature of 0.5 ◦C. As in C´ eron et al. (2010), the other
atmospheric variables required by ISBA (wind speed, rel-
ative humidity, incoming solar and atmospheric radiations)
were taken from the SAFRAN climatology over the same
1960–2005 period. As the ARPEGE dataset was available
every 6h for temperature and at a daily time step for total
precipitation, a temporal disaggregation was also required:
the total precipitation was evenly distributed throughout the
daywhereastemperatureswerelinearlyinterpolatedbetween
two time steps.
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C´ eron et al. (2010) use seasonal hindcasts produced
within the DEMETER project (Palmer et al., 2004) from
an older version of ARPEGE, called ARPEGE-DEMETER
in the following. Seasonal hindcasts were taken here
from ARPEGE-ENSEMBLES runs rather than ARPEGE-
DEMETER runs for two main reasons. Firstly, the
ARPEGE-ENSEMBLES seasonal forecasting model is cur-
rently closer to the operational seasonal forecast model
than the ARPEGE-DEMETER one. Secondly, the time pe-
riod was extended from 1971–2001 to 1960–2005. Finally,
the ENSEMBLES predictions were signiﬁcantly better than
those from DEMETER, with improved discrimination, res-
olution and reliability in the northern midlatitudes for the
spring season (Alessandri et al., 2011). Moreover, before
being used here, the ARPEGE-ENSEMBLES meteorolog-
ical seasonal forecasts had been evaluated and compared
with the ARPEGE-DEMETER ones. The results (not shown
here) found no bias in ARPEGE runs from either project in
terms of temperature and total precipitation. Moreover, we
observed that the prediction skill was higher for tempera-
ture than that for total precipitation in both experiment sets.
Then, we observed that there were an overestimation of rain-
fall and an underestimation of snowfall in both ARPEGE-
ENSEMBLES and ARPEGE-DEMETER forcings. Finally,
for both seasonal atmospheric forcing, lower skill scores can
be found over the Mediterranean area.
2.3 Description of catchments
France presents highly variable hydrometeorological con-
ditions with total precipitation about 500mmyr−1 for dry
regions and more than 2000mmyr−1 for mountains. In-
deed, there are two high mountain regions (Pyrenees and
Alps) and several medium-elevation mountain ranges (Vos-
ges, Jura, Massif Central and Corsica) distributed over the
territory (Fig. 1). These regions are usually associated with
higher amounts of precipitation and the presence of seasonal
snow cover with a nival and nivo-pluvial ﬂow regime, for ex-
ample for the Durance catchment at Embrun in the Alps and
the Ari` ege catchment at Foix in the Pyrenees (see Fig. 1 for
gauging locations).
Among the four main rivers representing more than 62%
of the territory, the Rhˆ one has the most mountainous catch-
ment area and is strongly inﬂuenced by snowmelt in spring
and summer and is subject to anthropogenic pressure with
numerous dams. The Seine river basin is marked by a large
and complex aquifer system with very speciﬁc hydrologi-
cal behaviour, but the ﬂow regime is essentially pluvial with
ﬂoods in autumn and winter (from December to April) and a
low ﬂow period in spring and summer.
From a meteorological point of view, France is charac-
terized by westerly ﬂows corresponding to an Atlantic in-
ﬂuence, with the exception of the south-east region, which
has a Mediterranean climate with dry and highly variable
meteorological conditions (high ﬂows in autumn and winter
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Figure 1. Orography (m), hydrographic network over France, and location of gauging stations for  4 
catchment case studies.  5  Fig. 1. Orography (m), hydrographic network over France, and lo-
cation of gauging stations for catchment case studies.
contrasting with very low ﬂows in summer). Table 1 sum-
marizes the characteristics of the six catchments studied in
Sect. 4.3.2 and identiﬁed on Fig. 1.
3 Methods and experiments
3.1 Predictability experiments
Two academic experiments were conducted, with the aim of
better understanding the respective roles of the land surface
initial state and the atmospheric forcings in the predictive
skill of the complete hydrometeorological system. They con-
sisted of runs initialised on 1 February for a period ending on
31 May, without considering the ﬁrst month. Data constitut-
ing meteorological forcings came from the SAFRAN reanal-
ysis over the 1960–2005 period. In order to avoid potential
biases due to different ensemble sizes on probabilistic scores
when comparing the results, both experiments were based on
the 9-member ensembles, following the size of the ARPEGE
seasonal atmospheric ensemble hindcasts used later for com-
parisons. All experiments in this paper followed the general
scheme described in Fig. 2.
A process was designed to select 9 random years for each
year simulated from the 1960–2005 period with atmospheric
forcings or land surface initial conditions depending on the
experiment. In order to preserve consistency between the
different meteorological or land surface variables for each
experiment, the process selected all variables from the same
year. Moreover, the random years selected are the same for
the two experiments described below.
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Table 1. Characteristics of the six catchment studied and located on Fig. 1.
Durance at Herault at Ariege at Eure at Seine at Moselle at
Embrun Gignac Foix Cailly-sur- Paris Custine
Eure
Basin area 2170 1312 1340 4598 43800 6830
(km2)
Outlet 787 32 375 21 26 184
altitude
(m)
Mean ﬂow 52 29.2 39.6 17.9 305 113
(m3 s−1)
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Figure 2. General scheme of the ensemble seasonal hydrological forecasting suites used in this  4 
study. See Table 2.  5 
Fig. 2. General scheme of the ensemble seasonal hydrological forecasting suites used in this study (see Table 2).
The ﬁrst experiment, called Random Atmospheric Forc-
ing (RAF) tested the impact of a realistic land surface ini-
tial state. The land initial conditions for soil moisture,
snow cover and aquifers were taken from the SIM reanaly-
sis on 31 January. The RAF forecasts were performed using
9 members, each member corresponding to the atmospheric
forcing (temperature and total precipitation) for a random
year selected from the 46-year SAFRAN reanalysis.
The second experiment, called Random land surface Ini-
tial State (RIS) was complementary to the RAF experiment
and evaluated the atmospheric forcings predictive skill. The
atmospheric forcings used here came from the SAFRAN re-
analysis for each target year and the RIS ensemble forecasts
used9landsurfaceinitialconditionsrandomlychosenwithin
the 46-year SIM reanalysis.
Table 2 summarizes the atmospheric forcings and land sur-
face initial states used in the two experiments.
3.2 The Hydrological Seasonal Forecasting suite
(Hydro-SF)
In order to perform seasonal hydrological forecasts over the
1960–2005 period and for the entire spring period, follow-
ing the general scheme described in Fig. 2, the land initial
conditions for soil, snow cover and aquifers were taken from
the SIM reanalysis on 31 January for each year from 1960
to 2005 as in the RAF experiment (see Table 2). Then, at-
mospheric forcings were provided by the 9 members of the
ARPEGE-ENSEMBLES meteorological seasonal forecasts
initialised on 1st February of each year (see Sect. 2.2). The
seasonal hydrological forecasting suite, called Hydro-SF in
the following, thus provided 9 runs of soil moisture and river
ﬂow forecasts over the entire March-April-May period.
3.3 Evaluation methods
Seasonal forecasts are basically ensemble forecasts and thus
provide both probabilistic and deterministic – using the en-
semble mean – forecasts. They can thus be evaluated on both
aspects and, consequently, the evaluations have to refer to
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Table 2. Description of the RAF and RIS experiments testing the predictability of the hydrological system and the Hydro-SF suite. RAF:
Random Atmospheric Forcing; RIS: Random land surface Initial State; Hydro-SF: the hydrological seasonal forecasts (see Fig. 2).
Experiment Atmospheric forcings Land surface initial states (soil moisture,
snow cover and piezometric level)
RAF 9 random years from the SAFRAN reanalysis Actual states from the SIM reanalysis
RIS Actual years from the SAFRAN reanalysis 9 random states from the SIM reanalysis
Hydro-SF 9 ARPEGE seasonal hindcast runs Actual states from the SIM reanalysis
both probabilistic and deterministic scores. In this paper,
time correlation and Brier score and its decomposition are
shown as examples of deterministic and probabilistic scores
respectively, but many other scores (dispersion, root mean
squareerror, standarddeviation, spatialcorrelations, Relative
Operating Characteristic curves and areas...) were computed
and gave results similar to those presented below.
Thepredictionskillofexperimentswascalculatedoverthe
1960–2005 period and the entire MAM period, with the SIM
reanalysis as the reference (see Sect. 2.1). It was computed
over each 8-km grid cell for the SWI (see Eq. 1) and using
all 881 river gauges for river ﬂows.
Time correlations were used to characterize the ability of
the hydrometeorological suite to match the reference inter-
annual variability. They were calculated from the ensemble
mean as this is considered to be the best representation of
a deterministic forecast from an ensemble seasonal atmo-
spheric forecast. In the following, we consider that only
time correlations higher than approximately 0.3 are signif-
icant (based on the Student test over a sample of 46 years
with a signiﬁcance level of 95%).
Next, the skill of the system for a threshold exceedance
was assessed through the probabilistic Brier Score (BS,
Brier, 1950) using the whole ensemble distribution (Eq. A1
in Appendix A). The BS and its associated skill score (BSS)
(Brier, 1950) are well known and often used as probabilistic
scores for hydrological ensemble forecasts (Cloke and Pap-
penberger, 2009; Randrianasolo et al., 2010; Thirel et al.,
2010). The lower the score the better the forecast, with a per-
fect forecast corresponding to a BS of 0. BS can also be de-
composed as the sum of 3 terms: reliability, uncertainty and
resolution (Murphy, 1973), see Eq. (A2) in Appendix A. The
reliability term describes the capacity of the system to predict
correct probabilities and is negatively oriented. In principle,
it can be reduced by good calibration (Murphy, 1986). A
small value of the reliability indicate a reliable forecast. The
resolution term gives the ability of the system to correctly
separate the different categories (whatever the forecast prob-
ability), i.e. it measures how much the conditional probabili-
ties differ from the climatic average. It is positively oriented:
the higher the resolution, the better the forecast. Finally, the
uncertainty is exactly the BS (Eq. A1) for the sample clima-
tology as the uncertainty is the variance of observations for
the considered event. For all hydrological variables, the SIM
climatology over the 46 years was used to determine terciles
and the corresponding thresholds of tercile categories. In this
paper, we tested the skill of the system to predict above aver-
age (upper tercile) or below average (lower tercile) values.
In order to make comparisons between the seasonal hydro-
logical forecasting suite and the random atmospheric forc-
ing experiment, a bootstrapping method (Hesterberg et al.,
2005) was used with a Student test on the Brier Skill Score
(BSS) (Eq. B1) and the difference of time correlations (see
Appendix B).
4 Results
4.1 RAF
Figure3a showsthe SWIpredictiveskill forspring usingcor-
relation between the RAF experiment and the reference value
obtained from SIM reanalysis. About one third of France ex-
hibited signiﬁcant correlations. Correlations were maximum
in the highest mountains (South and Central Alps, Pyrenees),
but were also higher than 0.4 in most parts of the other
mountain ranges (Vosges, Jura, Massif Central and Corsica).
These high scores could be attributed to the inﬂuence of the
snow cover initial state. In addition, signiﬁcant correlations
were found in some plain areas scattered over the country:
the Alsace plain, the south-west of Paris, the Lauragais re-
gion close to the Mediterranean sea, and the lower Rhˆ one
valley. These last two regions are amongst the driest regions
of France, whereas the south-west of Paris, for instance, is
covered by forests and has deep root layers with an evap-
otranspiration/precipitation ratio exceeding 0.75 (Habets et
al., 2008). Because of these diverse factors associated with
the soil moisture memory, the interannual variability of ini-
tial SWI values was large enough to lead to some predictive
skillduringthespringseason. Incontrast, inmorerainyareas
such as western Brittany and the French part of the Basque
country, the soil water content is often close to the ﬁeld ca-
pacity, hence the soil moisture interannual variability in win-
ter is low, cancelling the soil moisture predictive skill. This
meaningthattheinterannualvariabilityislowcomparedwith
summer periods when the interannual variability is high.
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Figure 3. Correlation maps of SWI (left) and river flows (right) between the RAF experiment and  6 
the SIM reanalysis reference run for the spring (MAM). Scores are calculated over the 1960-2005  7 
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Fig. 3. Correlation maps of SWI (a) and river ﬂows (b) between the RAF experiment and the SIM reanalysis reference run for the spring
(MAM). Scores are calculated over the 1960–2005 period.
When looking at river ﬂow forecast skill (Fig. 3b) some
spatial differences can be spotted. On average (excluding the
case of the Seine river basin, which will be discussed later)
locations associated with a signiﬁcant skill were fewer than
those for soil moisture. Most areas where the soil moisture
predictive skill came from the initial soil moisture did not ex-
hibitanyskillforriverﬂow(e.g.Alsace, south-westofParis).
Indeed, below the ﬁeld capacity, the bottom runoff produc-
tion stopped (except for the residual drainage), cancelling the
transmission of the soil moisture signal to river ﬂows. In the
case of mountains, the river ﬂow skill was maximum in the
Southern Alps. For example, the maximum value was asso-
ciated with the Durance river at Embrun (cf. Fig. 1), a high
mountain catchment (up to 4000ma.s.l.). For this river, the
annual snowmelt maximum occurs in May and the simulated
cumulated discharge during the spring period corresponds to
47% of the annual discharge. Hence, this experiment cap-
tured a large part of the predictive skill contained in the snow
cover initialized at the end of January. In contrast, in the
Northern French Alps, the annual maximum of discharge oc-
curs mostly in June, and the spring discharge represents only
around 25% of the annual value (22% for the Arc at Lansle-
bourg, 32% for the Is` ere at Moutiers, see Fig. 1 for catch-
ment locations). As the forecast ended at the end of May,
the predictability associated with the snowmelt in June was
not captured in this experiment. In other mountain ranges,
the river ﬂow skill was lower because of more limited snow
cover due to either a warmer climate (Pyrenees and Corsica)
or lower elevations (Vosges, Jura and Massif Central).
In addition, some signiﬁcant river ﬂow skill appeared in
the Seine catchment, where a large multilayer aquifer system
simulated by the MODCOU model inﬂuences river ﬂows and
the conﬁguration of the river-aquifer exchanges at the scale
of each sub-catchment. The time correlation varied from 0.3
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Figure 4. Map of percentage of groundwater contribution to spring river discharge over the 1960- 4 
2005 period, calculated with the SIM reanalysis.   5 
Fig. 4. Map of percentage of groundwater contribution to spring
river discharge over the 1960–2005 period, calculated with the SIM
reanalysis.
to 0.9 depending on the hydrogeology (Fig. 3b). The Seine
hydrological features are very complex as there are several
aquifer layers stacked on each other with a speciﬁc geologi-
cal layout. Figure 4 presents the percentage of groundwater
contributiontospringriverdischargewhichisindeedtheper-
centageoftheamountofwatertransferredformtheaquiferto
the river compared to the amount of water ﬂowing at a given
station. This calculation is directly computed by the MOD-
COU model for each time step and “river” grid meshes. In-
deed, if the groundwater table level is upper than the river
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Figure 5. Correlation maps of SWI (left) and river flows (right) between the RIS experiment and  5 
the SIM reanalysis reference run for the spring season. Scores are calculated over the 1960-2005  6 
period.  7 
Fig. 5. Correlation maps of SWI (a) and river ﬂows (b) between the RIS experiment and the SIM reanalysis reference run for the spring
season. Scores are calculated over the 1960–2005 period.
level, the water is transferred to the river using a transfer
coefﬁcient:
Q = TP ( H − Ho)
with H the river level; Ho, the groundwater table level; TP, a
transfer coefﬁcient. The river ﬂow Q exchanged is thus pos-
itive (negative) when the groundwater (river) gives water to
the river (groundwater). The latter case is not implemented
in the present version of SAFRAN-ISBA-MODCOU. Gen-
erally, we see on Fig. 4 that the skill increases with the rela-
tive importance of water coming from the aquifer in the cu-
mulated spring discharge. However, the alluvial aquifer in
the Saˆ one/Rhˆ one valley did not generate any signiﬁcant pre-
dictability, showing that only aquifers with a sufﬁcient de-
layed time response and water holding capacity can lead to
predictability at seasonal scales for the spring season.
4.2 RIS
Conversely to the RAF experiment, we focused here on
the reduction of hydrological prediction skill as actual at-
mospheric forcings from the SAFRAN reanalysis were
used. The fact that the SWI prediction skill was signiﬁ-
cant and high almost everywhere was therefore not surpris-
ing (cf. Fig. 5a). The only exceptions were some parts of the
Alps, and a very small region in the eastern Pyrenees, con-
ﬁrming the importance of the snow cover initial state in these
high-elevation areas.
On Fig. 5b, the river ﬂow prediction skill was signiﬁcant
everywhere. It was greater than 0.9 in most regions where
the surface initial state inﬂuence was negligible. It reached
a minimum in the regions mentioned above for RAF: moun-
tainous regions (Alps and Pyrenees) and associated down-
stream areas (snow inﬂuence), as well as most of the Seine
catchment (aquifer).
Table 3. Contingency table of biases on river ﬂow (m3 s−1) of RAF
and RIS experiments for Durance river basin at Embrun (Alps) over
the 1960–2005 period. RAF: Random Atmospheric Forcing; RIS:
Random land surface Initial State.
RAF
0–20 20–40 >40
0–20 15 8 3
RIS 20–40 14 1 1
>40 3 1 0
Table 3 shows the RAF error on spring discharge as a func-
tion of the RIS error in a contingency table for the Durance at
Embrun, a mountain river basin (cf. Fig. 1 for location) over
the 1960–2005 period. This highlights that, when river ﬂows
are well simulated for a year in the RAF experiment, the river
discharge is badly simulated in RIS and vice versa. So, the
contributions of the land surface initial state and atmospheric
forcings vary and depend on years, introducing a predicting
skill for speciﬁc years.
4.3 Added value of seasonal atmospheric forecasts
4.3.1 SWI forecasts
Figure6ashowsthetimecorrelationbetweenSWIforecasted
using Hydro-SF experiment and its reference value obtained
from the SIM reanalysis. A comparison with corresponding
results for RAF (Fig. 3a) is presented in Fig. 7a, showing the
impact of using the ARPEGE-ENSEMBLES seasonal fore-
casts instead of random forcings from the SAFRAN reanaly-
sis. TheStudentvariableofthedifferenceincorrelations(see
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Figure 6. Correlation maps of SWI (left) and river flows (right) between Hydro-SF and the SIM  5 
reanalysis reference run for the spring season. Scores are calculated over the 1960-2005 period.  6 
Fig. 6. Correlation maps of SWI (a) and river ﬂows (b) between Hydro-SF and the SIM reanalysis reference run for the spring season. Scores
are calculated over the 1960–2005 period.
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Figure  7.  Maps  of  Student  variable  of  the  difference  of  correlation  (cf.  Appendix  B)  between  3 
Hydro-SF and the RAF experiment for SWI (left) and river flows (right) for spring.   4 
Fig. 7. Maps of Student variable of the difference of correlation (cf. Appendix B) between Hydro-SF and the RAF experiment for SWI (a)
and river ﬂows (b) for spring.
Appendix B) for spring clearly showed a north/south parti-
tion of France. The Student variable was signiﬁcantly pos-
itive in the north, showing a higher skill of Hydro-SF com-
pared to the RAF experiment. Conversely, negative Student
variables in the south showed a higher skill of the RAF ex-
periment. Between negative and positive values, a large area
exhibited non-signiﬁcant skill.
Differences between Hydro-SF and RAF inferred from
probabilistic scores were more complex than the time cor-
relation (Fig. 8) as no clear delineation appeared. Hydro-
SF still worsened the results in the Mediterranean part of
France for SWI for the upper tercile and the south of France
for the lower tercile. However, it must be noted that results
were improved in the south west of Paris, which still showed
the highest scores for both RAF and Hydro-SF experiments
(cf. Figs. 3a and 6a).
Table 4 displays values of the SWI Brier Score (Eq. A1)
averaged over the whole of France. It shows that the pre-
dictive skill of Hydro-SF was similar to that of the RAF ex-
periment (it was equivalent or lower), thus hiding the highly
variable spatial patterns. This clearly highlighted the need to
resort to a spatial representation in order to properly assess
seasonal hydrological forecasts.
4.3.2 River ﬂow forecasts
Figure 6b shows the time correlation between river ﬂow fore-
casted using Hydro-SF experiment and its reference value
obtained from the SIM reanalysis. Here again, the Alps
and Pyrenees displayed higher scores (from 0.3 to 0.7), the
Seine river basin had values up to 0.9, whereas the other
regions showed no signiﬁcant predictability of river ﬂows.
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Figure 8. Maps of Student variable of Brier Skill Score (B1) for SWI between Hydro-SF and the  5 
RAF experiment for the Spring season. The upper tercile is on the left and the lower tercile is on  6 
the right.   7 
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Fig. 8. Maps of Student variable of Brier Skill Score (B1) for SWI between Hydro-SF and the RAF experiment for the spring season for the
upper tercile (a) and the lower tercile (b).
  42 
  1 
  2 
         3 
  4 
         (a)            (b)  5 
  6 
Figure 9. Maps of Student variable of Brier Skill Score (B1) for river flows between Hydro-SF and  7 
the RAF experiment for the spring season. The upper tercile is on the left and the lower tercile is  8 
on the right.   9 
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Fig. 9. Maps of Student variable of Brier Skill Score (B1) for river ﬂows between Hydro-SF and the RAF experiment for the spring season
for the upper tercile (a) and the lower tercile (b).
Consequently, at ﬁrst sight, the spatial distribution of scores
was quite similar to that of the RAF experiment (Fig. 3b).
Secondly, by looking at the Student variable of difference
of time correlation (see Appendix B) on Fig. 7b, it can be
noted that scores on river ﬂows were signiﬁcantly positive
over most of France, meaning that Hydro-SF improved river
ﬂow forecasts compared to the RAF experiment, except for
the Mediterranean area. Moreover, the Student variable of
BSS for river ﬂow between Hydro-SF and RAF (Fig. 9)
did not show any clear skill for the upper tercile while the
skill was signiﬁcantly positive in the north-east of France
for the lower tercile. This showed that, for probabilistic
scores, Hydro-SF was better than RAF for river ﬂows over
this region.
Finally, the BS and its three terms of decomposition (relia-
bility, resolution and uncertainty) (Eq. A2) on river ﬂow fore-
casts for Hydro-SF and RAF were shown in Fig. 10 for some
catchment case studies: two catchments located in plains, the
Moselle at Custine (north-east of France) and the Herault at
Gignac (Mediterranean area); two catchments in the Seine
river basin, the Eure at Cailly-sur-Eure (with high ground-
water inﬂuence) and the Seine at Paris (less inﬂuenced by
groundwater); and, ﬁnally, two catchments located in moun-
tainous regions, the Durance at Embrun (Southern Alps) and
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Fig. 10. Histograms of the decomposition of Brier Score (reliability, resolution, uncertainty) (A2) and Brier Score (A1) for river ﬂow
forecasts from RAF (left panel) and Hydro-SF (right panel) for Spring over the 1960–2005 period. Graphs show the results from 6 different
river catchments for the upper (left bar) and lower (right bar) tercile categories.
Table 4. Brier score (Eq. A1) averaged over France from 1960
to 2005 for the spring period and the evolution for each month
with the RAF experiment and Hydro-SF for SWI (Eq. 1) forecasts.
RAF: Random Atmospheric Forcing; Hydro-SF: the hydrological
seasonal forecasts.
Tercile March April May spring
RAF Upper 0.20 0.24 0.25 0.24
Lower 0.20 0.23 0.24 0.23
Hydro-SF Upper 0.22 0.25 0.26 0.24
Lower 0.21 0.26 0.26 0.24
the Ari` ege at Foix (Pyrenees) (see Fig. 1 for gauging loca-
tion). Firstly, Brier Scores showed a lower skill (higher val-
ues) for catchments located in plains than for mountainous
catchments in both experiments. This observation was partly
due to the resolution term as the worst resolution (smallest
value) was for the river basins located over plains. Secondly,
the uncertainty term was not very different from one exper-
iment to another because it was based on the observed ref-
erence data. However, the reliability term (which should be
small) was the term that changed most between the two ex-
periments, at least for the lower tercile. For instance, for
the Herault, Ari` ege and Durance catchments, all located in
the south of France, the reliability worsened from 0.04 for
RAF to 0.17, 0.1 and 0.07 respectively for Hydro-SF for the
lower tercile. In contrast, the Moselle catchment in the north-
west of France showed a decrease of BS from 0.1 to 0.05 for
the lower tercile. This probably explained BSS features on
Fig. 9. The skill worsening in the south of France for Hydro-
SF thus appeared as a reliability problem, which was encour-
agingbecausewecouldexpecttoimproveitusingcalibration
of probabilities and more ensemble members in the future.
5 Discussions and conclusions
In this study, several numerical experiments covering a 46-
year period were performed using the SIM hydrometeoro-
logical suite in order to investigate the sources of spring pre-
dictability of soil moisture and river ﬂows over France. Ob-
viously it should be relevant to use a large ensemble size for
the experiments (e.g. Li et al., 2009 used 19 members and
Wood and Lettenmaier, 2008 used 21 members).
However we used 9 randomly selected initial states and
atmospheric forcings for RIS and RAF experiments, respec-
tively. The objective of choosing 9 random members only
is to keep those experiments fully consistent with Hydro-
SF experiment that uses 9 members of the ENSEMBLES
dataset. Consequently, we veriﬁed that our random selec-
tion did not bias the results toward drier or wetter year. We
especially checked that dry or wet years were not over- or
under-represented in the samples. Let’s assume that a year
is dry if it pertains to the driest 20% of the sample (below
lower quintile). Theses years are present in the random se-
lection 18% of the time. For the wetter years (above upper
quintile), the percentage is 19.3%. These values are not sta-
tistically different (95% conﬁdent interval) from the 20%,
which suggests that the random selection did not generate
biased samples.
Firtsly, the main conclusions of this study allowed us to
conﬁrm that the snow cover initial state was by far the most
important source of spring predictability in mountain areas.
But the soil moisture and river ﬂow predictive skill varied
also among regions, according to climate and elevation. For
instance, for medium-elevation mountains (Massif Central,
Vosges) and high mountains in dry areas (south-east of the
Pyrenees, Corsica) the inﬂuence of snow cover was signiﬁ-
cant on soil moisture but not on river ﬂows. For the southern
Alps and the rest of the Pyrenees, scores for both variables
were signiﬁcant at the seasonal scale. But scores were not
signiﬁcant over the Northern Alps, the most snowy area in
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Fig. 11. Map representing ratios of river ﬂow forecasted by the
SIM model over river ﬂow observed, calculated over the 1960–2005
period on Spring (March-April-May).
France, because of the delayed snowmelt in this region, with
its maximum in June. The soil moisture and river ﬂow pre-
dictive skill could therefore still prove signiﬁcant with an ex-
tended forecast range in this region. Such a forecast, made
possible by the 7-month forecast range of operational sys-
tems, is very promising, especially for the management of
low-ﬂow periods.
Secondly, the study showed that the presence of a deep
aquifer could also be an important source of river ﬂow pre-
dictability. The Seine aquifer system is the largest and deep-
est in France, with a great water holding capacity. While
there was no impact on soil moisture forecasts over the catch-
ment, the skill of river ﬂow forecasts increased with the
aquifer-river exchanges. In the eastern part of the basin (with
higher amounts of precipitation), river ﬂows are mostly in-
ﬂuenced by runoff, whereas other tributaries are strongly in-
ﬂuenced by the aquifer. It should be noted that results on
the Seine cannot be generalized to other major aquifers. It
is likely that the introduction of the Somme aquifer (north
of Paris) into the model (Habets et al., 2010) will improve
the results for this river and its tributaries because it belongs
to the same hydrogeological unit. For alluvial aquifers, as
shown for the Saˆ one/Rhˆ one aquifer already explicitly mod-
elled, the signal will probably remain non-signiﬁcant as the
response of the aquifer is not delayed on a time scale relevant
for spring seasonal forecasts.
Next, the present study showed that for most plains, the
part of the skill associated with the soil moisture initial state
was usually very low. Nevertheless, some speciﬁc regions
were associated with a signiﬁcant soil moisture skill. These
were usually dry regions and/or regions with high vegetation
and large soil reservoirs (e.g. the region south-west of Paris).
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Figure 12. Correlation maps of river flow between the SIM model and observations, calculated  2 
over the 1960-2005 period on Spring (March-April-May).  3 
  4 
Fig. 12. Correlation maps of river ﬂow between the SIM model
and observations, calculated over the 1960–2005 period on Spring
(March-April-May).
Finally, the use of meteorological forcings from
ARPEGE-ENSEMBLES seasonal forecasts was then com-
pared with a random forcing experiment. While a signiﬁ-
cant improvement of river ﬂow skill could be observed in
the north-east of France, scores reduced in the Mediter-
ranean area. This can be explained by the worsening of sea-
sonal atmospheric forecasts skill in the Mediterranean area
of France.
In this study, we compared hydrological seasonal forecasts
with its reference value obtained from SIM reanalysis, not
from observations. The next step will be to compare hydro-
logical seasonal forecasts with observations.
However, as a ﬁrst step, we can study the behaviour of the
SIM model compared with observed river ﬂow in order to
bettercharacterizethereliabilityoftheresults. Thedischarge
ratio in Spring (ratio of simulated vs. observed river ﬂows)
and the interannual correlation between simulated and ob-
served spring mean river ﬂows are shown on Figs. 11 and 12
respectively.
The ﬁrst criterion qualiﬁes the ability of SIM to repro-
duce the observed volume. Results are similar to already
published comparisons over the whole year (Habets et al.,
2008). The discharge ratio is generally close to 1, with some
important exceptions on the Alps. It is partly the conse-
quence of an accumulation of numerous dams used for hy-
dropower production, thus inﬂuencing river ﬂow observed.
However as Lafaysse et al. (2011) showed, the overestima-
tionofriverﬂowovertheAlpineregioncanalsobeexplained
by the grid discretization (the elevation range by each 8km
square grid is often wider than 1000m). The consequence is
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a poor estimation of meteorological variables (like snowfall),
vegetation and snow cover. Moreover, in the Alpine region,
the SIM model does not include water storage and release
from aquifers nor ice melt from glaciers, inducing a time lag
of snowmelt which occurs earlier in model results than in
observations
The second criterion qualiﬁes the ability of SIM to simu-
late the interannual variability. This criterion is very impor-
tant in the framework of seasonal forecast. In most cases the
correlation is very high (above 0.85), indicating that SIM is
able to correctly predict this variability, even if the score on
the discharge ratio is poorly simulated. For the Durance at
Embrun, a typical Alpine river not inﬂuenced by dams, the
discharge ratio is very poor (overestimation of 40% of the
discharge in Spring because of grid discretization and lack of
local aquifers and glaciers in the model), while the interan-
nual correlation on spring discharge with observation is 0.88.
Hence, it is relevant to use SIM for seasonal prediction on
this particular catchment.
6 Perspectives
All the above conclusions conﬁrmed and extended the results
of C´ eron et al. (2010) on selected basins. A number of per-
spectives can be envisaged based on the above conclusions.
First, this study conﬁrmed the importance of the land sur-
face initial state. Although we considered that the accu-
racy of the SIM suite was high for the simulation of the
main components of the continental hydrological cycle at
the scale of France (Habets et al., 2008), there is still room
for improvement in its quality. This system will be com-
pleted in the future by new aquifers, which, hopefully, will
lead to an improvement of scores in the corresponding re-
gions, e.g. the Somme area (Habets et al., 2010) and the
Rhine basin (Thierion et al., 2011). Improvements in the
snow simulation can be achieved by taking better account
of the orography over mountain catchments. Obviously, an-
other source of improvement may lie in the assimilation of
observed variables. The assimilation of remotely sensed soil
moisture may be a good way to improve the soil moisture ini-
tial state (e.g. Draper et al., 2011). Concerning snow, a cor-
rectestimationofthesnowcoveramountisprobablydecisive
(Wood and Lettenmaier, 2006), but space-based observations
of the amount of snow in mountains are difﬁcult to achieve
and the representativeness of in situobservations is poor. The
present approach based on the snow model of ISBA forced
by a mesoscale meteorological analysis like SAFRAN that
explicitly accounts for altitude effects may still be one of the
best choices at these medium-range spatial scales.
Second, an extension to other seasons is needed. This ﬁrst
study was limited to the spring season in order to evaluate
the skill associated with snow cover in comparison with the
other sources of predictability. Spring is also a critical sea-
son for the onset of agricultural drought (Vidal et al., 2010b)
andaccurateseasonalforecastsarethereforeimportantinthis
time of year. However, for other seasons, the skill associated
with the initial state might differ. In summer, the inﬂuence
of the snow will probably remain signiﬁcant – at least for
June – in the Northern Alps, and large aquifers might im-
prove the scores for river ﬂows. In autumn and winter, the
main sources of skill are hard to anticipate but we can in-
fer that the atmospheric forcing might play a more important
role than the initial state.
Third, the quality of atmospheric forcing may be improved
by a reﬁned downscaling of seasonal forecasts. In an ad-
ditional experiment (not shown) based on the RAF experi-
ment, we used all variables in the meteorological forcings
of the randomly chosen year instead of only temperature
and total precipitation. The only signiﬁcant difference with
RAF was an improvement in the shape of Talagrand dia-
grams (not shown), but other scores remained unchanged.
This conﬁrmed the crucial role of temperature and precip-
itation forecasts (including the snow/rain partition) in the
forcing terms of the SVAT model. A downscaling approach
based on weather types (Pag´ e et al., 2009) is planned in order
to better account for large-scale atmospheric patterns. This
method was developed by Bo´ e et al. (2006) and validated us-
ing SIM over the Seine basin. It has also been applied for
a climate impact assessment on hydrology over France (Bo´ e
et al., 2009) and is promising for applications in seasonal
forecasting.
Another source of improvement of meteorological forc-
ings would be the use of a multi-model approach, rather than
thesingleARPEGEmodel. Inasecondstep, themulti-model
approach should be expanded to the hydrological modelling
step as it represents a major source of uncertainty in the fore-
casting suite. The ensembles technique could also be applied
to the surface initial state in order to take account of the un-
certainty of this component, which appears to be important,
especially for mountainous areas.
Appendix A
Brier Score and its decomposition
The Brier Score (BS) quantiﬁes the ability of an ensemble
forecast to predict an exceedance (or non-exceedance) of a
threshold. Indeed, BS is a quadratic measure of error in prob-
abilistic forecasts (Mason, 2004) :
BS =
1
N
N X
k=1
(yk − ok)2 with 0 ≤ BS ≤ 1 (A1)
with yk the probability of the forecasted event, and ok the
actualoutcomeoftheeventatinstantk (equalto1iftheevent
is observed, equal to 0 if is not observed). N is the number of
forecasting instances (Brier, 1950). Here, we consider three
probability categories compared with the climatology as a
reference(below normal, normal and above normal).
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But BS can also be decomposed into three terms (Mur-
phy, 1973): reliability, resolution and uncertainty as:
BS=Reliability−Resolution+Uncertainty
BS =
1
N
N X
k=1
nk (yk − ok)2 −
1
N
N X
k=1
nk (o − ok)2
+ o (1 − o) (A2)
with N, the number of forecasts issued; o, the observed cli-
matological frequency for the event to occur; nk, the number
of forecasts with the same probability category; ok, the cor-
responding observed frequency of the event.
Appendix B
Resampling method and student test
Following the BS description in Appendix A, we calculated
yk for the RAF experiment and yk for Hydro-SF. Then, ok
was computed for SIM reanalysis. These calculations were
done for all grid cells and stations each year over the 1960–
2005 period and for both the upper and lower tercile. Sec-
ondly, 100 random samples of 40 BS from the 46 years were
taken in order to calculate the BSS as written below :
BSS = 1 −
BSHydro-SF
BSRAF
with −∞ ≤ BSS ≤ 1. (B1)
The size of the bootstrapped resampling was 40 years in
order to ensure a sufﬁcient diversity of samples. So, the
100 random sample BSS were used to calculate the average
and the standard deviation before applying a Student test and
a signiﬁcance threshold of ±1.6 with a degree of freedom of
90% (as the bootstrapped BSS distribution is quite symmet-
rical, very close to the Gaussian assumption).
In order to compare time correlations between Hydro-SF
and RAF, a random resampling was performed with the same
methodology as for BSS. The averages of the hydrological
(soil moisture and river ﬂow) ensemble forecasts for each
experiment and random resampling were computed over
each grid cell and for each river station. These 100 random
ensemble means of 40 out of 46 years allowed us to compute
the average and the standard deviation in order to ﬁnally
calculate the Student variable with a signiﬁcance threshold
of ±1.6 with a degree of freedom of 90%.
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